The influence of different adherend and substrate materials on shear bond strength (SBS) test was estimated. Ceramic plates (IPS e.max press) were cut, polished, abraded, and applied with two resin cements (Panavia F/Biscem). The SBS values of 30 groups were measured. The groups consisted of five combinations of adherend and substrate materials for each adhesive system and three different bonded areas (2, 4, and 6 mm diameter) for each combination. The failure modes were examined using a stereomicroscope. Groups with ceramic adherends showed higher SBS values in both adhesive systems and all three bonded areas. Small bonded areas are associated with significantly high SBS values. Groups with similar bonded areas and high SBS values showed more mixed or cohesive failures. Groups with small bonded areas and high SBS values had more interfacial failures. Adherend and substrate material significantly influenced the in vitro SBS value.
INTRODUCTION
Bond strength is the maximum load per unit area that causes adhesive failure on or near the bonded interface of the adherend and substrate 1) . It is the major parameter used to evaluate bonding and predict the durability of bonding. Various bond strength tests are currently used in adhesive dentistry, such as shear, tensile, microtensile and micro-shear bond strength (SBS) tests 2) . Although no specific laboratory or clinical tests that are valid for all adhesive materials are available, a well-chosen test method should ideally produce test results that reflect the actual material characteristics. Several studies have suggested that the shear bond test may not reflect the true performance of bonding between different materials because of the localised stress generated from specimen deformation at the edge of the bonded interface 3) . However, the SBS test has the fewest operational faults and is the easiest to perform. In addition, shear force is experienced in the clinical condition. Therefore, shear test is the most common method used to evaluate adhesive bonding.
In the current SBS research, different research groups use diverse experimental parameters. Different dental materials are used as adherend or substrate. For example, to evaluate the effect of a silane primer, the silane primer is applied onto a ceramic substrate, and then a ceramic 4) or precured resin composite 5) specimen is used as adherend and bonded to the substrate using resin cement. Uncured resin composite or resin cement is sometimes inserted onto the silanised ceramic substrate through a cylinder 6, 7) . In other studies, silanised ceramic or precured resin composite plates are bonded onto a dentin substrate using resin cement 8) . In addition to these substrate/adherend variations, the dimension of the bonded interface also varies from one study to another. Bonded areas with 1 5) , 2 8) , 2.4 6) , 4 7) , and 6 mm 9) diameters have been reported. The inconsistency in these experimental parameters raises concern when comparing bonding strength data among different research groups.
Whether the material used as adherend or substrate influences the SBS or the existence of other parameters affects the SBS is unknown. To clarify these issues, different combinations of adherend and substrate in ceramic bonding were compared. The influence of bonded area was also evaluated. The null hypotheses tested in this study are as follows: (1) different combinations of adherend and substrate in ceramic bonding do not influence the SBS values; and (2) different bonded areas do not influence the SBS in ceramic bonding.
MATERIALS AND METHODS
Table l presents the characteristics of the materials used in this study.
Specimen preparation
Ceramic specimen: Ceramic plates (IPS e.max press, Ivoclar Vivadent AG, Liechtenstein) of different sizes (2 mm thick and 6 mm diameter; 4 mm thick and 10 mm diameter) were die-cast from acrylic resin plates. The 10 mm-diameter ceramic plates were embedded into acrylic resin with one surface exposed. All ceramic plate surfaces to be bonded were carefully wet-ground using a series of silicon carbide papers (No. 320, 600, 800 and 1,500 grit). The flat surface of the specimens was airborne particle-abraded using 50 μm Al 2O3
Influence of different adherend materials and combinations on in vitro shear bond strength particles applied at a distance of 10 mm perpendicular to the surface under a pressure of 2.8 MPa for 15 s. The specimen was then cleaned in an ultrasonic water bath for 5 min and air dried. The ceramic surface was etched using 4% hydrofluoric acid (Ivoclar Vivadent, Liechtenstein) for 30 s, rinsed thoroughly with water spray for 10 s, and air dried. Precured resin composite specimen: A light-cured, reinforced, and nanohybrid resin composite (Aelite, BISCO, USA) was inserted into an aluminate mould with a bubble-free application system (Composite-Gun, BISCO) and light-cured for 40 s from both sides at 800 mW/cm 2 (Spectrum 800; Dentsply Caulk, Woodbridge, Canada). Different sizes of cured resin composite plates (2 mm thick and 6 mm diameter; 4 mm thick and 10 mm diameter) were formed. Cured resin composite plates with 10 mm diameters were embedded in an acrylic resin cylinder with one surface exposed, forming the substrate. All resin composite plate surfaces were polished using silicon carbide papers from 320 grit to 1,500 grit, cleaned in an ultrasonic water bath for 5 min, and air dried.
Grouping and bonding
Five combinations of substrate and adherend were used, as follows: ceramic substrate and ceramic adherend (C-c); resin composite substrate and ceramic adherend (R-c); ceramic substrate and uncured resin composite adherend (C-r); ceramic substrate and precured resin composite adherend (C-pr); and ceramic substrate and resin cement adherend (C-a).
The two resin cement systems and five combinations of adherend and substrate combined to form 10 groups. In each group, three different bonded areas (n=8) were tested ( Table 2) .
Two different silane primers were applied on the ceramic surface to be bonded, held for 30 s, and air dried for 10 s at room temperature (25°C) according to the manufacturer's instructions.
A polyethylene tape (approximately 50 μm thick) with one circular hole (with 2, 4, and 6 mm diameters) was positioned on the treated surface of each substrate to restrict the adhesion area.
In groups C-c, R-c and C-pr, the resin cement matched with the corresponding silane primer was mixed and applied to the hole in the polyethylene tape. Ceramic and prefabricated resin composite adherends were pressed onto the corresponding substrates. Excess marginal resin cement was removed using small brushes. The bonded specimens were light-cured from three directions, each taking 40 s. In group C-r, an adhesive (One-Step, Bisco) was applied to the hole in the polyethylene tape on the ceramic substrate for 20 s and light-cured for 10 s. A translucent polyethylene ring (with 6 mm inner diameter and 2 mm height) was centred over the conditioned ceramic surface, filled with resin composite (Aelite, BISCO, USA), and light-cured.
In group C-a, a resin cement was mixed and applied to the translucent polyethylene ring centred over the conditioned ceramic surface. Excess marginal resin cement was removed using small brushes. The bonded specimens were then light-cured.
All bonded specimens were stored in distilled water at 37°C for 24 h.
SBS test
The substrates were fixed to a custom-made apparatus and positioned on the jig of the universal testing machine (AGS-500NG, Shimadzu, Kyoto, Japan). Along the substrate's surface, shearing force was applied as close as possible to the bonded interface of the specimen. A cross-head speed of 0.5 mm/min was applied. Maximum shear load at the point of failure was recorded, and the SBS values were calculated by dividing the force at which the bond failure occurred by the specimen bonded dimension.
All of the fractured surfaces of ceramic plates (In the C-c group, the ceramic substrate's surface was evaluated) were examined under a stereomicroscope (SMZ645, Nikon; Tokyo, Japan) at 40× magnification to evaluate the failure mode. These failure modes were classified into four types ( Fig. 1) : M, mixed failure of ceramic (or resin composite) and cement; C1, cohesive failure of cement encompassing more than 50% of the bonded area; C2, cohesive failure of cement encompassing less than 50% of the bonded area; and I, interface failure encompassing 100% of the bonded area.
Statistical analysis
All statistical analyses were performed using SPSS version 16.0 software (IBM Corporation, Somers, NY, Table 4 Failure modes of all test groups (n=8 for each test group) USA). Shear bond strengths are presented as mean±SE (standard error), and failure modes are presented as absolute values. The bond strength data were analyzed using three-way ANOVA (resin cement system, adherend-substrate combination (group) and bonded area). Further, for each cement, one-way ANOVA followed by least significant difference (LSD) test were used to analyze the data of bond strength. The KruskalWallis rank test was used to analyze the failure modes, in which each failure mode was given a score from 1 to 4 prior to statistical analysis. A score of 1 was given for type I failure, a score of 2 was given for type C2 failure, a score of 3 was given for type C1 failure, and a score of 4 was given for type M failure. The higher the score, the more severe the defect in the bonded materials. A p-value<0.05 was considered statistically significant. Table 2 presents the means and standard deviations of SBS of the different groups. Groups with a ceramic adherend showed significantly higher SBS value, whether the substrate was ceramic or resin composite, than groups with resin composite or cement adherend (p<0.05). In all groups, the smaller the bonded area, the higher the SBS value. The 2 mm-diameter groups had significantly higher SBS values (p<0.05). Three-way ANOVA (Table 3) showed that bond strength was significantly influenced by substrate/ adherend materials, bonded area, and resin cement system (p<0.05). In addition, the interactions between cements, groups, and bonded areas were significant (p<0.05). Table 4 shows the failure modes of all specimens. Kruskal-Wallis rank test analysis of failure modes is also given in the table. The higher the SBS, the more frequently mixed or cohesive failures tended to occur. However, with the same combination of substrate and adherend, the smaller the bonded area, the higher the SBS value, and the greater the frequency of interface failures.
RESULTS

DISCUSSION
Tensile testing requires skilled technicians and carefully maintained apparatus. The preparation of specimens tends to cause adhesive defects 10) . They can be influenced by the environment because of their very small size, and, consequently, the measured bond strength can be affected. Therefore, tensile testing is not recommended if the bond strength is less than 5 MPa. Shear bond testing is more likely to be influenced by thermal stress. However, this test is still very popular for bond testing because it is easy to perform.
The different adherend materials exhibited significant effect on the SBS, which has not been previously reported. The first null hypothesis of this study is thus rejected. Possible contributing factors include the different elastic moduli of adherends and substrates as well as the existence of thermal stress. Other factors affecting SBS include defective interface characteristics and uneven thickness of adhesive layer. These factors also contribute to the negative correlation between the bonded area and the SBS values.
The effect on the SBS by mismatched material elastic moduli may be explained as follows: First, different adherend and substrate elastic moduli can lead to localised stress concentrations. Nakajima 11) and Kelly 12) reported that when the elastic moduli of substrate and adherend are mismatched, a stress concentration will be produced on the interface, resulting in interface fracture. Second, material mechanics studies have shown that when the elastic modulus of an adherend is higher or lower than that of the substrate, the performances of the combined adherend and substrate are quite different 13) . An adherend with a high elastic modulus is effective in redistributing shrinkage strain to the substrate and therefore can withstand high external loads. Materials with low elastic moduli are much more likely to undergo tensile cracking because of restrained shrinkage 14) . Similarly, adherends with low moduli are ineffective in redistributing strain 15) . Ceramic adherends in our study demonstrated high adhesive strength, considering that the elastic modulus of the specimen was greater than or equal to that of the substrate.
The existence of thermal stress at the adhesive interface is caused by the curing shrinkage and the mismatch of thermal expansion coefficients in the adherend and substrate 16) . Some thermal stress caused by the curing of resin cement or resin composite is unavoidable. However, the adherend or substrate and resin cement should have compatible thermal expansion coefficients to avoid thermal stress as a result of mismatched thermal expansion coefficients 17) . Previous reports have shown that the bonded area and strength are negatively correlated 18) , and the bonded area is not correlated with the fracture mode 19, 20) . The current study is consistent with these reports. Thus, the second null hypothesis of this study is also rejected. The negative correlation between the bonded area and the SBS value are caused by several factors. First, the bigger the bonded area, the higher the torque of the shear force. A high torque is more likely to cause the fracture of adherend. Second, a larger bond area cause more stress concentration at the interface, leading to cohesive failure. Erickson et al. 18) suggested that the area of the bonded interface of specimens is critical to test results. In general, reductions in the bonding area of specimens lead to enhancements in the bond strength values. Our experimental results are in accordance with these findings.
Third, the negative correlation may have been caused by defective interface characteristics. According to Griffith's theory 21) , the adhesive strength of adherends will decrease with an increase in bonding area. This phenomenon is due to the fact that larger specimens have more defects than smaller specimens. Bubbles, which exist at the adhesive interface, phase disengagement, roughness of the surface, and uneven thickness of the adhesive layer all contribute to a stress concentration and reduce bond strength. Finally, Perinka et al. 22) reported that a relatively larger bond area would lead to more cohesive failures and relatively lower bond strength. This finding is due to the fact that shear and tensile strengths contribute to the stress concentration during shear bond testing in the loading area. In some cases, the adherend will be damaged even though the loading stress is far less than the bonding strength of adherend. The value of bond strength tested at that time will not reflect the actual bond strength or the strength of adherend 19, 20) . However, smaller bond areas better distribute stress over the bond interface, which makes the test result closer to the actual adhesive strength 23) . When the adhesion area is smaller, the cohesive failures of adherend are relatively fewer and fracture occurs mainly at the adhesive interface. Hence, whether mixed or the cohesive failures correlate with higher bond strength is not clearly elucidated. Better evaluation can be performed if both bond strength and fracture mode are accounted for in the actual situation.
To prevent interface defects, pressure should be exerted on the adherends. Pressure allows the cement to fill the gaps and pits on the specimen surface 24) . Pressure is easily exerted for ceramic and precured resin specimens. However, exerting sufficient pressure on uncured resin or cement is difficult and can lead to bubble retention in the interface, bond defects, and fractures. A thicker resin or cement layer is more likely to cause higher thermal stresses, which contributes to the fractures. Consequently, ceramic and precured resin specimens with thinner adhesive layer showed relatively higher SBS values.
In this study, ceramic specimens were cut to avoid possible surface irregularities caused by grinding. The rough surface caused by sand blasting was not likely to layer and could cause mechanical lock, which would prevent crack expansion along the interface. When the mechanical properties of adherends are not excellent, the strength of adherends will decrease because of the microcracks at the rough surface 25) . Given the lower strength of resin compared with a ceramic, sand blasting may produce defects on the surface structure. This phenomenon partly explains the lower SBS values found in the groups with resin adherends.
Previous studies have shown that when a coupling agent is not used, the adhesive strength between cement and ceramic is quite small, and the difference in SBS values between groups of different bonded areas is not significant. Moreover, the wettability of resin cement and ceramic surfaces is one of the important factors influencing adhesive strength. Better wettability results in firmer interface of cement and ceramic and higher bonding strength. A coupling agent was used to enlarge the difference in SBS values between groups and improve adhesive strength between cement and ceramic.
We did not test the bond strength of the ceramic with metal or resin composite with metal because the ceramic and metal bonding is difficult to achieve and seldom used clinically. Given the individual teeth differences, we also did not test the adhesion of ceramic, composite, or cement to teeth.
This study provides guidance on how to perform an SBS test. To evaluate the characteristics of coupling agents, a ceramic-ceramic combination is recommended. Moreover, to simulate the adhesion of crown and core, a ceramic adherend and resin composite substrate is recommended. By contrast, to simulate the characteristics of fixed prosthodontic restorative materials, a resin adherend and ceramic substrate is recommended.
The effect of different combinations of adherend and substrate on the values of tensile bond strength needs further evaluation.
CONCLUSION
Different combinations of various adherend and substrate materials significantly influence in vitro SBS. The bonded area significantly affects SBS in ceramic bonding.
